To explore the possibility that facial morphology, echolocation, and foraging behavior are related in some species of bats, intraspecific and interspecific differences in morphology of noseleaves were quantified by univariate and multivariate methods for 248 specimens representing 32 species in three subfamilies of Phyllostomidae (Phyllostominae, Stenodermatinae, and Glossophaginae), The species showed a range of diets from mainly animals (Phyllostorninae) to fruit (Stenodermatinae), and nectar and pollen (Glossophaginae), with the animal-eating species presumed to depend more upon echolocation to detect, locate, and assess prey than frugivorous or nectarivorous species. The canonical-variate analysis revealed significant differences in morphology of noseleaves among j fie three subfamilies, with three features (greatest length of noseleaf, length of spear, and length of horseshoe) showing the best discriminating power. Stenodermatines were chara-.terized by the mosthomogeneous, intraspecific structure of noseleaves glossophagines by the lowest interspecific variability. Phyllostomines showed the highest levels of variance and the most distinctive noseleaves. Euclidean distance values, calculated from measurements of morphology of noseleaf. were similar for most of the 17 species of phyllostomines suggesting that morphology of noseleaf is related to foraging and orientation behavior. The variety of structure of noseleaves in the Phyllostominae coincides with variation in diet, but not with variety in echolocation calls. The connection between structure of noseleaf and echolocation calls remains unclear, like the role of echolocation in the lives of phyllostomine bats.
present in the Rhinopomatidae and in a few species of Vespertilionidae.
In species that emit echolocation calls through their nostrils, noseleaves affect such calls by enhancing directionality (Hartley and Suthers, 1987) . This could extend a bat's range of detection by echolocation, improving its ability to assess clutter (Skolnik, 1980) . Cementing the tip of the noseleaf to the head widened the pattern of emission of sound in the vertical dimension without affecting directionality of sound in the horizontal dimension in Carollia perspicillata (Hartley and Suthers, 1987) . In species that emit echolocation calls dominated by narrowband components (constant August 1997 BOGDANOWICZ ET AL.-NOSELEAVES OJ-Ptf'r: LLUSTOMill BAl S 943 frequency or CF) through their nostrils, the interference between the two nostrils directs the sound, primarily in the horizontal dimension (e.g., Rhinolophus !errumequinum----5chnitzler and Grinnell, 1977; Sokolov and Makarov, 1971) . Here the nostrils are separated by one-half the wavelength of the narrowband signal that dominates the echolocation call, a relationship that causes destructive interference laterally and constructive interference frontally, reducing lateral relative to forward emission of sound (Pye, 1988) . This relationship is more complicated in bats using broadband, frequency-modulated signals because the interference patterns depend on the ratio between wavelength of signals and spacing of nostrils (Pye, 1988) . Species in the Rhinolophidae and Hipposideridae use echolocation calls dominated by narrowband components, have generally similar noseleaves, and are insectivorous. Species in the Phyllostomidae, however, use broadband echolocation signals and show a wider variety of structure of noseleaf and diet. The family includes species that eat animals (Phyllostominae). nectar and pollen (Glossophaginae), fruit (Phyllostominae, Stenodennatinae, Carolliinae, Brachyphyllinae), and blood (Desmodontinae; Gardner, 1977) . A principalcomponents analysis of data on noseleaves from 46 species of phyllostomids (Arita, 1990) demonstrated an association between feeding habits and morphology of noseleaves. Arita (1990) found that some species in some subfamilies were similar in noseleaves when considered by the first two principal components, reflecting mainly size of the horseshoe and size of the spear. If species forage in different ways, perhaps exploiting different cues to detect, assess, and localize food, interspecific differences in facial morphology could reflect different use of echolocation in foraging. For example, species using olfaction or vision to locate food may use echolocation to detect and avoid obstacles. Here, the utility and precision of echolocation may be low compared to species using it to detect, locate, and evallJate prey. Arita's (1990) analysis led him to propose that morphology of noseleaf reflected echolocation behavior and, for some species, foraging behavior, specifically that the size of the nostrils and horseshoe, modulated echolocation signals. while the spear was involved in directing them.
Two elements lead us to question this interpretation about the connection between echolocation and structure of noseleaves. First, Arita's (1990) analysis failed 10 discriminate between species in the Stenodermatinae and the Phyllostominae, the fonner being almost exclusive frugivores, the latter showing a greater range of diet. The role of echolocation in the foraging, as opposed to general orientation behavior of either group, remains open to question (Fenton et al., 1995) . Second, unlike their noseleaves, the echolocation calls of a variety of phyllostomine species are similar in design, being short, multiharmonic, broadband signals of rather low intensity (Belwood, 1988) . This similarity contrasts with the situation in some glossophagines where there are at least two distinct kinds of echolocation calls (A. Meschede el al., in litt.) . In Microchiroptera that feed on airborne prey, different approaches to foraging are reflected in the design of echolocation calls by differences in duration and bandwidth (e.g., Neuweiler, 1989) .
The purpose of this study was to explore the hypothesis that morphology of noseleaves in phyllostomid bats reflects orientation and, thus, foraging behavior. We do this by trying to answer a series of questions. Do the Phyllostominae, Stenodennatinae, and Glossophaginae display the same amount of variation in measurements of no- differ significantly from those in the Stenodennatinae reflecting the striking differences in diet. We included a selection of Glossophaginae to extend the comparison and expand on Arita's (1990) work by examining 248 specimens representing 32 species in the subfamilies Phyllostominae. Stenodermatinae, and Glossophaginae. We assessed and quantified interspecific differences in morphology of noseleaves and predicted more interspecific variation in morphology in the Phyllostominae reflecting their range of diet. At the individual level, we expected less variation in phyllostomines if structure of noseleaf reflected the use of echolocation in foraging, perhaps to detect, locate, and assess prey because the stenodermatines and glossophagines do not appear to use echolocation in assessing food (Fenton et al., 1995) . We also used measurements of noseleaves of phyllostomines to calculate Euclidean-distance measurements and assessed morphological similarity. Other studies (e.g., Findley, 1976; Findley and Black, 1983) have shown a positive correlation between morphology and diet, with most sympatric species having similar morphologies and diets (Heller and Volleth, 1995) . If morphology of noseleaf is associated with foraging behavior in phyllostomines. higher Euclidean-distance values should indicate a variety of foraging behaviors.
MATERIALS AND METHODS
We examined 248 fluid-preserved specimens from the mammal collection of the Royal Ontario Museum. Toronto. Ontario. For subfamily comparisons. we used 240 fluid-preserved specimens (five males and five females) representing 24 species; nine phyllostomines. eight stenodennatines, and seven glossophagines (Appendix J).
The features of noseleaves we measured are the same as those used by Arita (1990) and they are shown in Fig. 1 . For each specimen. length of forearm (FA; a measure of body size), greatest length of noseleaf (GLN). and thickness of noseleaf (NT) were measured to the nearest The measures of area (SAS and SAH) were obtained with a digitizer. The measurements of noseleaves were then divided by length of forearm, with SAS and SAH being square-root transformed before division. This procedure allowed the variables to be in comparable measurement units and adjusted for body size. General univariate differences within and among subfamilies were assessed using one-way analysis of variance (ANOYA) or randomization tests (BIOITAT I- Pimentel and Smith, 1990 ). The randomization procedure was applied only when original data did not satisfy the assumptions of equality of variances, tested by Levene's test based on deviations from the median. When heteroscedasticity was present, nonsignificant subsets of sample variances were detected using Levy's multiple comparison test of equality of variances. For comparisons of all possible pairs of means, we used the Thkey-Kramer method (homoscedasticity) and Games-Howell test (heteroscedasticity). The Games-Howell multiplecomparisons test retains power when equality of group variances differ significantly, and applications of other multiple-comparisons tests is questionable (pimentel and Smith, 1990) .
The multivariate relationships among subfamilies were evaluated with canonical-variate analysis (CYA), which allowed us to obtain a lowdimensional display of the data in a way that maximizes between-group variation relative to within-group variation. Homogeneity of the variance-covariance matrices was assessed using Box's M-test. To avoid negative characteristics in the logarithms, values of all variables were multiplied by 1,000 and then. because the matrices in subfamilial comparisons were different, we attempted to equalize them by log-transformation of forearm-adjusted variables. Prior probabilities of of subfamilial membership were based on the sample proportion of cases in each subfamily. CYA also was used to provide generalized Mahalanobis distances (D2) between all specimens of each species and each species' morphological centroid, as well as between centroids of different species in each subfamily and that subfamily's centroid. We used these as multivariate measures of intraspecific and interspecific variability, respectively. The above analyses were performed using alternatively the SPSS for Windows (Noru~is, 1993) or BIOITAT II (Pimentel, 1993) .
To get a more complete view of morphological dispersion of the Phyllostominae we sub· jected the data to a distance analysis, including an additional eight species represented by single specimens. A simple way to express the morphological similarity within a fauna is to determine each taxon's average phenetic similarity to most of the bats in the fauna (Findley, 1976) . Low average distances indicate phenetic similarity. The average Euclidean distances (d) between every pair of species were computed based on a matrix of forearm-adjusted measure~ ments standardized across the 17 phyllostomine taxa (NTSYS-pc-Rohlf, 1993) .
RESULTS
Obvious differences among the noseleaves of species in the three subfamilies ( Fig.  1) , can be identified quantitatively in several ways including the relative size (length, breadth, area) of noseleaf and spear (Table  1) . Overall, the three subfamilies show highly significant differences in mean values of all features of noseleaves (P < 0.001; ANOVA and randomization tests). In general, testing the equality of means shows that the glossophagines differ significantly from the other two subfamilies, which do not differ significantly from one another ( Table 2 ).
Significant differences (P < 0.01, usually P < 0.001; one-way ANOVA and randomization tests) also were detected in means between species in each subfamily for all characters of noseleaves except SAH (surface area of the horseshoe) in glossophagines (P = 0.09). This situation is intuitively obvious from the appearances of species, for example, Macrophyllum compared with Tonatia.
More importantly, species in the three
::5- Vol. 78, No.3 subfamilies also show significant differences in dispersions of some characters of noseleaves, four in the phyllostomines, three in the glossophagines, and none in the stenodermatines (within-group comparisons, Table 2 ). This result indicates that the noseleaves of stenodermatines are characterized by similar amounts of variability. whereas those of the phyllostomines are highly heterogeneous. 1\vo characters, SAS (surface area of the spear) and INW (internostril width), showed significant heterogeneous variances in both phyllostomines and glossophagines. Conversely, at the subfamilial level. noseleaves of glossophagines are significantly less variable than those of stenodermatines or phyllostomines (among-group comparisons; Table 2 ). The only exception is RT (thickness of rib) which is more variable in glossophagines.
In general, significant multivariate differences among the three subfamilies were found both in their centroids (P < 0.001; Wilks' lambda test) and variance-covariance matrices (P < 0.001; Box's M-test; Fig. 2 ). The only exceptions were the variance-covariance matrices of the Phyllostominae and Stenodermatinae, which were relatively similar to one another (P > 0.05; Box's M-test). In the canonical-variate analysis based on log-transformed measurements of noseleaves, specimens were classified accurately by subfamily as follows: glossophagines, 97.1 %; stenodermatines, 81.2%, phyllostomines, 85.6%. The best discriminating power on canonical-variate 1. which separated glossophagines from stenodermatines and phyllostomines, was achieved mainly with greatest length of noseleaf (GLN) and length of spear (LOS; Table 3 ). Both of these characters contributed largely to calculating the discriminant score (high standardized canonical coefficients) and showed good correlation with canonical-variate 1 (structure coefficients. 0.523-0.527). Characters of less importance on this dimension were surface area of spear (SAS) and internostril space (INW). For canonical-variate 2, which partly sepa- 
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In the canonical-variate analysis based on log-transformed measurements of noseleaves, specimens were classified accurately by subfamily as follows: glossophagines, 97.1 %; stenodermatines, 81.2%, phyllostomines, 85.6%. The best discriminating power on canonical-variate I, which separated glossophagines from stenodermatines and phyllostomines, was achieved mainly with greatest length of noseleaf (GLN) and length of spear (LOS; Table 3 ). Both of these characters contributed largely to calculating the discriminant score (high standardized canonical coefficients) and showed good correlation with canonical-variate 1 (structure coefficients, 0.523-0.527). Characters of less importance on this dimension were surface area of spear (SAS) and internostril space (INW). For canonical-variate 2, which partly sepa- rated stenodennatines and phyllostomines, the GLN and LOS again had standardized coefficients with high values and seemed to make the greatest contribution to this dimension. Nevertheless, these features had smal1 structural coefficients meaning little in common with that canonical variate. These two variables were highly intercorrelated (r = 0.98), but because their large contributions were in opposite directions, they cancelled one another. This situation implies that canonical-variate 2 can be referred to as length of horseshoe (LOH), although thickness of nose1eaf (NT) also has an influence (Table 3) . A canonical-variate analysis of measurements of noseleaves also was performed to provide us with Mahalanobis D2 between specimens of each species and that species' morphological centroid (intraspecific variability), and with generalized distances between centroids of the species in each subfamily (interspecific variability). At the in- traspecific level, noseleaves of stenodermatines on average are less variable than those of glossophagines or phyllostomines (Table 4) . At the interspecific level, phyllostomines and stenodennatines are characterized by taxa of distinct morphology, while glossophagines are the most homogeneous. Overall, degree of morphological distinctiveness of a phyllostomid is related positively to its degree of intraspecific variability (Speannan's correlation, r = 0.45; P < 0.05; n ~ 24). This analysis suggests that species that are more morphologically remote from others also show more morphological variability. The same calculations performed within each subfamily, however, revealed that mean intraspecific and interspecific Mahalanobis D2 are significantly intercorrelated only in phyllostomines (Speannan's correlation, r = 0.78; P < 0.05; n ~ 9). The distribution of the mean Euclidean distances in the Phyllostominae is leptokur- -.
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------, tic (kurtosis = 6.79), and evidently skewed to the right (skewness = 2.40). These statistics suggests that in characters of noseleaves. most species in the subfamily are mainly morphologically similar to their nearest neighbor ( Fig. 3) with extremes represented by Tonatia silvicola (d = 2.99) and Lonchorhina aurita (d = 7.78). The fonner species eats fruit and insects. the latter mainly insects (Gardner. 1977) . Species in the same genera occur within the same or nearby intervals (Fig. 3 ).
DISCUSSION
Our data and analysis support the prediction that in characteristics of noseleaves. bats in the Phyllostominae differ significantly from those in the Stenodennatinae. At the intraspecific level, noseleaves of stenodennatines on average are less variable than those of glossophagines or phyllostomines (Table 4) . At the interspecific level. phyllostomines and stenodennatines are characterized by taxa with distinct morphology. while glossophagines are the most homogeneous. Species in the Phyllostominae showed the greatest range of design of noseleaves. those in the Glossophaginae the most consistent structure of noseleaves. Species in the Stenoderminae were intermediate. Had our sample included Centuria or Sphaeronycteris, the most divergent of stenodennatines. interspecific variation in the Stenodennatinae would have been higher still. The Euclidean-distance data further corroborate these findings. and together. our data and analysis support Arita's (1990) proposal that in the phyllostomines. structure of noseleaves somehow affects-reflects foraging behavior.
An association between interspecific and intraspecific variation also was evident in Findley and Black's (1983) study of an insectivorous bat community in Zambia. There. species with the greatest diversity of diet showed the most variable morphology. We found the greatest interspecific variability of noseleaves in the phyllostomines where it was significantly correlated with degree of intraspecific variability (Spearman's correlation. r = 0.78; P < 0.05; n = 9).
These findings do not address our second reservation from above, namely the reality that echolocation calls of species of phyllostomines do not show the same level of variation as noseleaves (Belwood. 1988) . What role does echolocation play in their foraging behavior? It is clear that species of phyllostomines llse cues other than echo-location to locate, and assess prey (e.g., sounds from prey- Tuttle et al., 1985; vision-Bell, 1985) , and that low-intensity echolocation calls may minimize the chances of potential prey detecting foraging bats (e.g., Belwood and Morris, 1987) . Arita (1990) used data from Vehrencamp et al. (1977) and Medellin (1988) to support the possibility that olfaction might playa role in location of prey by some phyllostomines. In other families, bats with noseleaves may make little use of echolocation to detect, locate, and assess animal prey (e.g., Megaderma lyra -Fiedler, 1979; Marimuthu et aI., 1995; Cardiodenna cor-Ryan and Tuttle, 1987; Nycteris-Fenton et aI., 1983) .
Does morphology of noseleaf reflect echolocation behavior in phyllostomids? The features of echolocation calls of phyllostomines, namely duration, intensity, and frequency components (Bel wood, 1988) combine to suggest a limited effective range for echolocation because of atmospheric attenuation and strength of call (Lawrence and Simmons, 1982) . Phyllostomid bats appear to have the same resolution abilities by echolocation (e.g., Bradbury, 1970 ) as other echolocating microchiropterans (Griffin, 1958; Novick, 1977) . Performance at this level in discrimination tasks in the laboratory does not always translate into comparable performance in the field (e.g., Barclay and Brigham, 1994; Neuweiler, 1989 ). Belwood's (1988) proposal that foraging habitat exerts a stronger influence on echolocation calls of phyUostomine bats than diet underscores our ignorance about the role that echolocation plays in the lives of phyllostomid bats and undermines any connection between morphology of noseleaves, echolocation, and foraging behavior.
For rhinolophid and hipposiderid bats, we are better informed about the role that echolocation plays in foraging behavior (e.g., Neuweiler, 1989) . Species in the Rhinolophidae and Hipposideridae produce echolocation signals at high-duty cycle (compared to low-duty cycle in phyllostomids) and use Doppler shifts in echoes of echolocation calls to locate fluttering targets (Fenton et al., 1995; Neuweiler, 1989) . In the Rhinolophidae there are clear relationships between the frequency that dominates CF calls and width of the horseshoe, a relationship that goes beyond size of the bat (Bogdanowicz, 1992) .
There is an apparent link between facial morphology and orientation and foraging behavior in other animals. For example, some owls use the complex asymmetry of their ear openings and flaps of skin in front of, and behind, these openings to localize prey-generated sounds (e.g., Knudsen, 1980; Kuhne and Lewis, 1985) . Kuhne and Lewis (1985) suggest that although localization depends on modifications of the sound signal by the asymmetric ear openings, different strategies for localization may be used by different species. Such strategies may include controlled movements of outer-ear structures, particularly the feathers of the facial ruff and the flaps of skin that surround the ear openings in some species, to aid in localization of sound (Schwartzkopff, 1962) .
The overall distribution of Euclidean-distance values for phyllostomines on the basis of mensural features of noseleaves (Fig. 3) resembles those of other morphological measurements of other assemblages of bats where morphology has been correlated with diet (Findley, 1976; Findley and Black, 1983; Heller and Volleth, 1995) . Close grouping of species is expected where members of assemblages are fairly close phylogenetic relatives and have undergone a history of local speciation events with subsequent coevolutionary adjustments in morphology and ecology (Findley, 1993) . If the model applies here, then the similarity in d-values between five Micronycteris or three Phyllostomus (Fig. 3) suggests that morphology of noseleaves reflects phylogenetic constraints. Alternatively, species from different genera with similar Euclidean-distance values would suggest conver-
